INTRODUCTION

During an investigation of nuclear behaviour and mating strains in the genus
Coprinus Brunswik ( I 924) examined iron-haemotoxylin stained preparations of two species (C. sterquilinus, C. narcoticus) and observed their hyphal tips to contain a strongly staining area at the growing point. This area he described as a 'nucleuslike' body, but because of its variable size and because he never observed it in the process of division, he concluded that it was not a nucleus but a special organelle, connected in some way with apical growth of the hypha; from its position he called it the 'Spitzenkorper'. Girbardt (1955) showed that this structure might be observed in living material by phase-contrast microscopy, and he detected its presence in the tips of several species of Basidiomycetes and in species of Penicillium and Aspergillus. He also noted that it disappeared when extension growth ceased and formed again just before extension growth restarted in a checked tip. Girbardt later (1957) used 14-16% (w/v) gelatin in the growth medium to match the refractive index of the immersion medium with that of the fungal cytoplasm and was able to make a more detailed study of the relationship between apical growth and the behaviour of the spitzenkorper. The position of the structure in the apical dome was related to subsequent direction of extension, an eccentric position preceding a turning of the tip. No information was obtained about the source or the nature of the spitzenkorper.
Little is known of the mechanism of wall extension at the hyphal apex during growth of fungi, yet the nature of the wall here and the mechanism of its extension have considerable significance for fungal morphogenesis. The present report arises out of a study of fungal fine structure in its relation to morphogenesis.
W. K. MCCLURE, D. P A R K A N D P. M. ROBINSON
METHODS
The fungi examined most frequently in this work were Aspergillus niger v. Tiegh., Fusarium oxysporurn Sny. et Hans., and F. solani Sny. et Hans. The nutrient medium used for growth was : glucose, 0.7 g. ; KH,PO,, 0-2 g. ; MgS04. 7H,O, 0.5 g. ; NH,NO,, 0-1 g.; distilled water to I 1.; agar media contained 10 g. Oxoid no. 3 agar/l. Cultures were incubated for at least 2 days at 25" to allow apices to attain a mature condition.
For material to be fixed and stained for light microscopy and electron microscopy sterile cover glasses were prepared with a thin (0.5 mm.) layer of agar medium. These were point-inoculated with spores of the fungus, and incubated on moist sterile a t e r papers in a humid chamber. Fixation for light microscopy was by freezesubstitution in absolute ethanol at -70°, the fixed material being allowed slowly to reach 4" in the ethanol.
For phase-contrast observations of growing hyphae the nutrient medium was made up in 25% (wlv) acacia gum (Barer & Joseph, 1958) and the fungus mounted for microscopy in the same medium, the refractive index of which is close to that of the cytoplasm (Park & Robinson, 1957). The thin-layer cultures to be used for electron microscopy were made on coverslips which had previously been sprayed lightly with PTFE (polytetrafluoroethylene). The cultures were incubated for 3 days at 25" before treatment. The coverslips with colony and medium attached were then immersed for I hr in 2.5% (wlv) glutaraldehyde at o", followed by washing for three 30 min. periods in 0.1 M-phosphate buffer (pH 7.0). After post-fixation for 2 hr with 2% osmium tetroxide in 0.1 M-phosphate buffer (pH 7.0), the tissue was dehydrated by passing it through a graded series of acetone solutions kept at 0" at 30min. intervals, finally transferring to anhydrous acetone for not less than 2 hr. A I : I Ara1dite:anhydrous acetone mixture was added over a period of I hr until the mixture immersing the tissue became near I : I resin : acetone. The tissue was allowed to remain in this mixture for 3 hr and then the acetone was allowed to evaporate for 24 hr, residual acetone being removed in a vacuum oven at 60" and a pressure of 5 x I O -~ mm. Hg.
The preparation was embedded in Araldite by using a modification of the clamped holder first described by Sheffield (1965) with slight modification. BEEM capsules (supplied by LKB Instruments Ltd.) trimmed to remove the frustrum of the hexagonal pyramid were put into the holders, and the coverslips placed on top so that the margin of the growing colony lay across the diameter of the capsule. A glass slide was then placed on top of the coverslips, the compression plate put on top of the glass slide and the whole assembly carefully bolted into position. The holder was then inverted and the capsules filled with resin. In this way the thin agar layer containing the hyphal tips was embedded and also initially orientated so that the hyphae were parallel with the flat lower exposed face of the polymerized cylinder. After the normal polymerization process the compression plate and the glass slide were removed and the coverslips gently pulled away from the capsules. The PTFE coating made this possible. The capsules were then removed from the holder.
To determine the orientation of the hyphae the blocks were examined under a binocular microscope. The block was then trimmed so that when placed in the microtome the hyphae lay with their long axes parallel to the knife edge. Sections cut with a diamond knife and a Porter-Blum microtome were placed on platinized grids, Apical organization in the somatic hyphae of fungi 179 stained with uranyl acetate and Reynold's lead citrate, and stabilised with a thin layer of carbon.
Sections were examined in an A.E.T. EM6B making use of 250 p condenser lens aperture, 5 0 p objective lens aperture and cold finger to prevent specimen contamination. The beam acceleration voltage was 60 kV and the beam current was 200 p. The recording emulsion was Ilford N 40.
RESULTS
Phase-contrast observations of living hyphae
The method used gave very good optical resolution of cytological detail by eliminating the lens effect of the narrow cylindrical hyphae. Nuclei appeared bright, each delimited by a dense boundary. Each nucleus had an opaque nucleolus situated to one side. Vacuoles (not present at the tip) were transparent and occasionally contained dense granules showing random erratic movement. The boundaries of the vacuoles were not rigidly fixed but constantly undulated, and not infrequently the vacuolar membrane invaginated into the vacuole or evaginated into the cytoplasmic matrix. These observations suggest that there was no marked pressure difference between the vacuole and the cytoplasmic matrix. The mitochondria were optically dense, filamentous, and in the tip region of the hyphae densely aggregated into a tuft. They moved actively with a serpentine motion. Small, highly refractive spherical organelles, in some cases actively moving, in other cases static, were present. These corresponded closely with the Woronin bodies described by Buller (1933) . All these structures appeared clearly and with a sharp outline. The 'Spitzenkorper', on the other hand, while clearly evident could not be focused sharply even though it showed no obvious rapid movement (Pl. I, fig. I ). Its boundaries were . vague. Commonly associated with, and just posterior to, the spitzenkorper were two or three of the Woronin bodies moving fairly rapidly with an apparent random motion but keeping more or less the same station, not frequently traversing as did some of the other refractive bodies elsewhere. At intervals a refractive spherical body from a region posterior to the tip was seen to move forwards and take up a position behind the spitzenkorper, or from a position at the apex move steadily posteriorly.
Our observations support those of Girbardt in that the spitzenkorper is only visible during active extension growth of the hyphal tip. When growth was stopped by any of a number of agencies (poor aeration, hypertonic solution, vacuolation factor) the spitzenkorper faded out gradually. It was not seen to move away. Some of the agents used, e.g. hypertonic solutions, had only a temporary inhibitory effect and the spitzenkorper re-appeared before growth became evident once more.
We have examined several species of fungi other than the three named earlier.
The list in Table I shows that a spitzenkorper was seen in every imperfect fungus examined, but in none of the Zygomycetes or Oomycetes. In Rhizopus nigricans some especially favourable preparations showed an area just behind the apex and slightly larger than the usual spitzenkorper, with small, just resolvable, particles in highly active movement. We do not consider the range of fungi examined large enough to warrant any generalization.
In material fixed by freeze-substitution in ethanol at -70' the spitzenkorper stained with methyl green+pyronin (Brachet, 1953) fig. 2 ). However, it gave this reaction even after prolonged incubation in RNAase solution so that it seems unlikely that the reaction is one for RNA. The stains used did not give a DNA reaction; the nucleus remained uncoloured whereas the nucleolus stained densely. 
Electron microscopy
The primary interest of this work is the special organization near the hyphal apex and the following description is restricted to those points of interest especially relevant to this region. The cell wall over the apex showed little structural difference from that seen in other regions of the hyphae, being largely electron transparent, and continuous over the whole apical dome in all sections examined. The wall over the dome was in some sections thicker (about 50-60 mp) than the wall along the tubular part of the hyphae (about 30 mp) (PI. 2, fig. 4 ). This may, at least in part, have been due to some of the sections being truly longitudinal but not truly median, and therefore not cutting the wall normal to the surface.
Mitochondria in this region were filamentous, having a diameter as little as 120 m,u but usually 220-250 mp. Their length was difficult to determine accurately because of their sinuous form, but lengths of 3-5 , u were common, and lengths of up to 4.5 , u were seen in individual sections near the tip. Mitochondria 5-7'5 , u long are common in phase-contrast photomicrographs. Mitochondria near the hyphal tip characteristically had a high content of cristae, which were tubular and orientated parallel to the long axis. A significant characteristic of the mitochondria1 tuft at the tip was that it invariably stopped short (about 1-2 p) of the apex. Mitochondria were thus excluded from the area immediately behind the apical dome.
Similarly, ribosome groups, whose distribution was dense in the tip region, were infrequent in the region immediately behind the extending apex proper (Pl. 3, fig. 5 ). Occasional ribosomes were found at the apex but were much less common and less commonly associated into groups. Nuclei were never found closer to the apex than 400 P.
The unit membrane-bound vesicles immediately behind the apical dome are of interest. They appeared in all longitudinal sections of apices in extension growth at Apical organization in the somatic hyphae of fungi 1 8 1 the time of fixation. The vesicles varied in size from 70 mp to 120 mp and electrondense strands or particles were included in them. Similar vesicles were occasionally present in regions of hyphae proximal to the tip (Pl. 4, fig. 6 ), but not in the same frequency as at the apex. The region where these vesicles were most numerous corresponds with that occupied by the spitzenkorper, and was the region of exclusion of mitochondria and of ribosome groups.
The apices of lateral branches show exactly the same features as the leader hyphae from the colony margin (PI. I , fig. 3 ). This figure shows the presence of vesicles like those in the apical aggregate near the junction of the branch with the main axis. Zalokar (1959) has demonstrated that the normal rate of extension of an apex of a filamentous fungus is dependent on the presence of a substantial amount of subtending hyphae, and Butler (I 961) has shown a correlative situation between the extension rates of leader hyphae and its branches. Competition between apices for a common supply from posterior hyphal regions may be responsible for this correlative growth pattern.
A fusion of vesicles with the unit-membrane of the plasmalemma was clearly evident (Pl. 4, fig. 6 ; PI. 3, fig. 5 ). It is always difficult to interpret the direction of any dynamic movements in living systems from fixed material. It seems probable that the spitzenkorper is a presentation of the mass of aggregated vesicles. Supporting this is the fact that sections from apices, the extension growth of which had been inhibited before fixation, showed no similar aggregation of vesicles at the apex. The staining with cationic dyes might indicate that the contents included acid carbohydrates. We suggest that the vesicles arise proximal to the apex and move forward, eventually to fuse with the plasmalemma, their contents being concerned with cell-wall synthesis. We have no evidence as to the source of the vesicles or to the site of their formation. No Golgi apparatus was seen in any of our sections of the three species examined by this technique. The vesicles may be produced in the region of dense mitochondria and ribosomal groups, but in the absence of information on their possible rates of migration their distribution does not exclude other origins.
Other structures regularly found in the region just behind the apical dome were the larger spherical unit membrane-bound structures (I 40-3 10 mp) with electron-dense contents (Pl. 3, fig. 5 ). These appeared very similar to the Woronin bodies which we found near septa in more mature regions; there were often two to four near the apex. Similar vesicles are present at lower frequency more than 12 p from the apex. The plasma membrane
